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1. INTRODUCTION {#cam42873-sec-0001}
===============

Esophageal squamous cell carcinoma (ESCC) is one of the most common and aggressive malignancies in China.[1](#cam42873-bib-0001){ref-type="ref"} Despite recent advances in the diagnosis and treatment of ESCC, the final prognosis remains unsatisfactory. The overall 5‐year survival rate of advance ESCC is about 10%‐20%.[2](#cam42873-bib-0002){ref-type="ref"}, [3](#cam42873-bib-0003){ref-type="ref"} The absence of early symptoms, high rates of local invasion, and lymphatic metastasis largely contributes to the unfavorable prognosis of ESCC, thus revealing the underlying mechanism of ESCC and discovery of new drug targets is of vital importance.

Accumulating evidence[4](#cam42873-bib-0004){ref-type="ref"}, [5](#cam42873-bib-0005){ref-type="ref"} suggests that the malignant biological behaviors of cancers depend not only on the cancer cells themselves, but closely on the regulation of the tumor microenvironment. Cancer‐associated fibroblasts (CAFs), the most common stromal cell type of the microenvironments, can actively transfer information with and stimulate tumor cells, thereby promoting the development and progression of tumors.[6](#cam42873-bib-0006){ref-type="ref"} Previous studies have successfully isolated CAFs and normal fibroblasts (NFs) from tumor tissues or normal tissues, and the expression of myofibroblast marker α‐SMA in CAFs is significantly higher than that in NFs.[7](#cam42873-bib-0007){ref-type="ref"} A well‐recognized theory indicates that CAFs can secrete a large number of soluble factors, including growth factors, inflammatory cytokines, and chemokines, and promote the progression and metastasis of cancer. Yu suggests that CAFs in breast cancer can induce the epithelial--mesenchymal transition (EMT) of cancer cells through the activation of paracrine TGF‐β signaling.[8](#cam42873-bib-0008){ref-type="ref"} Liu et al indicates that CAF‐secreted chemokines promote hepatocellular carcinoma (HCC) metastasis through the activation of TGF‐β pathways.[9](#cam42873-bib-0009){ref-type="ref"} There is a well‐accepted hypothesis that CAFs can affect the proliferation, migration, invasion, and metastasis in ESCC. However, the underlying molecular mechanisms have not been fully clarified.

Exosomes, firstly introduced by Trams et al in 1981, are small (30‐200 nm), lipid bilayer membrane vesicles which contain and transfer variety of bioactive lipids, proteins, mRNAs, and noncoding RNAs.[10](#cam42873-bib-0010){ref-type="ref"}, [11](#cam42873-bib-0011){ref-type="ref"} Those extracellular vesicles can be identified from various body fluids including amniotic fluid, ascites, saliva, serum, plasma, urine, as well as the culture medium of cells.[12](#cam42873-bib-0012){ref-type="ref"}, [13](#cam42873-bib-0013){ref-type="ref"}, [14](#cam42873-bib-0014){ref-type="ref"} The roles of exosomes in the development of tumors have gained extensive attention in recent years, and increasing evidence reveals that exosomes are involved in many tumor‐related pathways, such as apoptosis, invasion, migration, and metastasis.[15](#cam42873-bib-0015){ref-type="ref"}, [16](#cam42873-bib-0016){ref-type="ref"}, [17](#cam42873-bib-0017){ref-type="ref"} Li et al found that CAFs‐derived exosomes can promote EMT in ovarian cancer cells via the activation of TGFβ1 signaling pathway.[15](#cam42873-bib-0015){ref-type="ref"} Zhang et al indicates that exosomal EGFR derived from gastric cancer cells could facilitate the formation of a liver‐like microenvironment and promote the specific metastasis to liver.[16](#cam42873-bib-0016){ref-type="ref"}

The Hedgehog signaling pathway, a mediator of proliferation and differentiation in vertebrate embryogenesis, has been reported to be implicated in the development of several cancers including medulloblastoma, pancreatic cancer, gastric cancer, and breast cancer.[18](#cam42873-bib-0018){ref-type="ref"}, [19](#cam42873-bib-0019){ref-type="ref"}, [20](#cam42873-bib-0020){ref-type="ref"} There exist three types of Hedgehog homologs in the mammalian signaling pathway family, among which Sonic Hedgehog (SHH) is best investigated. Like TGFβ1, SHH proteins are also secreted signaling molecules which have several effects on recipient cells. SHH can activate the Hedgehog signaling of the recipient cell by binding to the Patched (Ptch), a 12‐transmembrane protein on the cell membrane. Some studies show that the activation of SHH signaling can facilitate the proliferation, invasion, or angiogenesis of the tumors,[21](#cam42873-bib-0021){ref-type="ref"}, [22](#cam42873-bib-0022){ref-type="ref"} however, most studies stress their emphasis on the effects of SHH as a proto oncoprotein of the tumor cells,[23](#cam42873-bib-0023){ref-type="ref"}, [24](#cam42873-bib-0024){ref-type="ref"}, [25](#cam42873-bib-0025){ref-type="ref"} and data on the importance of SHH in the CAFs---tumor cell crosstalk is sparse at best.

In recent years, the role of SHH signaling in esophageal cancer has gained extensive attention. As far as we know, the activation of SHH signaling affects all aspects of tumorigenesis, development, and metastasis of esophageal cancers. It is reported that the elevated expression of SHH and its target genes is not uncommon in most kinds of esophageal cancers.[25](#cam42873-bib-0025){ref-type="ref"} Yang et al found that the activation of SHH signaling is an early molecular event in esophageal cancers,[26](#cam42873-bib-0026){ref-type="ref"} which indicates that it may play a role in the tumorigenesis of esophageal cancer. Besides, several studies illustrated that the activation of Hh signaling is essential for the progression and metastasis of esophageal cancer. Wang et al proved that the overexpression of Gli, target gene of SHH, promoted EMT in human esophageal adenocarcinoma.[27](#cam42873-bib-0027){ref-type="ref"} In ESCC, the expression of Gli1 is reported to be closely associated with the tumor progression and lymph node metastasis.[28](#cam42873-bib-0028){ref-type="ref"} Besides, some studies indicated that the target gene of Hh, including Gli1 and PTCH1, can be identified as an independent adverse prognostic factor in ESCC.[26](#cam42873-bib-0026){ref-type="ref"}, [29](#cam42873-bib-0029){ref-type="ref"} Collectively, the activation of SHH signaling is closely linked to the oncogenesis and development of esophageal cancers, researches about their correlation may offer new ideas for the treatment of ESCC.

Hitherto, the stromal cell‐derived molecular determinants that modulate ESCC progression have not been fully characterized. In this study, we find that SHH is highly expressed in CAFs lysis solution, conditioned medium of cultured CAFs (CAF‐CM) and CAFs‐derived exosomes. More importantly, CAF‐CM and CAFs‐derived exosomes can substantially improve the growth and migration abilities of ESCC cell lines in vitro and in vivo. Additionally, those effects can be partly neutralized by Cyclopamine, an inhibitor of the Hedgehog signaling pathway. Thus, our research elucidates the crucial role of CAFs‐derived exosomes in the growth and progression of ESCC, and may open up new avenues for the treatment of ESCC.

2. MATERIALS AND METHODS {#cam42873-sec-0002}
========================

2.1. Isolation and culture of CAFs and NFs {#cam42873-sec-0003}
------------------------------------------

To obtain the stromal fibroblasts of ESCC, we isolated primary cancer tissues and normal tissues at least 5 cm from the tumor margin from six ESCC patients at Beijing Friendship Hospital (Beijing, China) between August 2017 and April 2018. Six patients had undergone esophagectomy but not received chemotherapy before surgical operation. This study was approved by the ethics committee of Beijing Friendship Hospital, and all subjects had signed written consents before participating in this study. All experiments were conducted according to the approved guidelines and regulations.

The ESCC tissues used for isolate stromal fibroblasts were diagnosed as invasive ESCC according to the American Joint Committee on Cancer (AJCC) staging manual (seventh edition).[30](#cam42873-bib-0030){ref-type="ref"} All sample tissues used for isolation were immediately preserved and transferred on ice, and the isolation of fibroblasts was performed within 2 hours after collection.

Briefly, the tissue samples were chopping and digested with 500 mg/mL Collagenase II (Beijing Solarbio Science & Technology) at 37℃ for 2.5 hours. Then the cells were gathered and cultured in RPMI‐1640 medium added with 15% fetal bovine serum (FBS; Invitrogen) and 1% Penicillin‐Streptomycin‐Gentamicin Solution for 3 hours. Remove all the supernatant (mostly epithelial cells and dead cells) and the remaining fibroblasts were seeded in RPMI‐1640 medium containing 15% FBS and 1% Penicillin‐Streptomycin‐Gentamicin Solution. After cultured for two to three passages, a homogeneity of stromal fibroblasts can be formed and the CAFs or NFs were cultured in RPMI‐1640 medium containing 10% FBS. All the stromal fibroblasts used in our experiments were at less than eight passages.

2.2. Culture of cell lines {#cam42873-sec-0004}
--------------------------

Esophageal squamous cell carcinoma cell lines EC109 and TE‐1 were generously provided by Cancer Institute and Hospital, Chinese Academy of Medical Sciences. EC109 and TE‐1 cells were both cultured in RPMI‐1640 medium added with 10% FBS, with the temperature of 37°C and 5% CO~2~.

2.3. Exosomes isolation and labeling {#cam42873-sec-0005}
------------------------------------

Cancer‐associated fibroblasts and NFs were cultured in RPMI‐1640 medium containing 10% exosome‐depleted FBS before exosomes isolation for 48 hours. Exosomes were isolated from CM of CAFs and NFs by differential ultracentrifugation, according to the previous publications. In brief, we first removed the cells and other debris by centrifugation at 300 and 3000 *g* for 30 minutes, respectively. Then, we removed the shedding vesicles and other bigger‐sized vesicles by centrifugation at 10 000 *g* for 30 minutes. After removing the precipitations, the supernatant was centrifuged at 120 000 *g* for 70 minutes twice. We then resuspended the exosome pellets with 5‐mL phosphate‐buffered saline (PBS) and centrifuged again at 120 000 *g* for 70 min to remove the remaining proteins. Finally, the exosomes were resuspended and preserved in PBS at −80°C until further analyses. Then we measured the concentration of the exosomes using BCA method according to the manufacturer\'s instructions (Thermo Scientific). Exosomes isolated from CM of CAFs were labeled using PKH67 Green Fluorescent Cell Linker Mini Kit as recommended by the manufacturer (Sigma Aldrich).

2.4. Transmission electron microscopy {#cam42873-sec-0006}
-------------------------------------

The morphology of exosomes was detected by transmission electron microscopy (TEM). First, we diluted and mixed the exosomes with PBS, and then the diluted exosomes were put on copper grids for 1 minute. After staining the grids with 1% (v/v) uranyl acetate in ddH~2~O, the samples were detected and analyzed by TEM (Hitachi).

2.5. NanoSight particle tracking analysis {#cam42873-sec-0007}
-----------------------------------------

Exosomes derived from CAFs or NFs were diluted and mixed well with PBS. Exosomes were slowly injected into the sample chamber of NanoSight LM10 instrument to avoid small air bubbles. And we detected and analyzed the concentration and size distribution of the exosomes by NTA instrument and NTA analytical software.

2.6. Western blot analysis {#cam42873-sec-0008}
--------------------------

The expression of the proteins was measured by western blotting analysis and the GAPDH was used as control. Protein extraction from cells or exosomes was performed using radio immunoprecipitation assay buffer. The concentration of the proteins was measured using BCA method according to the manufacturer\'s suggestions (Thermo scientific Pierce). Equal amount of proteins (25 μg) was loaded to assess the expression of specific protein. The proteins were separated by a 10% SDS‐PAGE gel and transferred to a PVDF membrane (Millipore) that was socked in methanol for 2 minutes before using. The membrane was then blocked in 5% nonfat milk and rinsed before incubated with primary antibodies overnight at 4°C. Antibodies against CD‐63, CD‐9, GM130, GLI1, and TSG101 were purchased from ABCAM (Abcam), and antibodies against E‐cadherin, vimentin, and N‐cadherin from Cell Signaling Technology. Antibodies against SHH, PTCH1, and SMO were purchased from Proteintech. After washing, the blots were incubated with the secondary antibodies at 37°C for 2 hours and rinsed for three times before visualized by an ECL plus system (Beyotime).

2.7. Enzyme‐linked immunosorbent assay {#cam42873-sec-0009}
--------------------------------------

The expressions of TGF‐β1 and SHH in exosomes and in CMs of CAFs and NFs were measured by enzyme‐linked immunosorbent assay (ELISA). The TGF‐β1 and SHH ELISA kits (eBioscience) were used according to the manufacturer\'s instructions.

2.8. Cell proliferation assay {#cam42873-sec-0010}
-----------------------------

A density of 2000 TE‐1 or EC109 cells were seeded in each well of a 96‐well plate and treated with or without exosomes. Viability of the cells was measured at the time point of 0, 24, 48, and 72 hours using MTS reagent, CellTiter 96^®^ Aqueous One Solution Cell Proliferation assay (Promega). The optical density at 490 nm was detected using enzyme‐labeled meter (Spectramax M3; Molecular Devices) after incubated at 37°C for 2 hours. Three independent tests were conducted for the cell proliferation assay.

2.9. Wound‐healing assay {#cam42873-sec-0011}
------------------------

In wound‐healing assay, TE‐1 or EC109 cells were seeded in 6‐well plates and grown until 100% confluent before experiments. The wound was created by a 20‐µL pipette tip in the confluent monolayer at the center of culture plates. The wells were washed with PBS buffer to remove the nonadherent cells scratched by the pipette tip. Then the cells were cultured with culture medium containing exosomes or not. The images of the wound were captured at 0 and 24 hours after operation. The migratory distance was detected using ImageJ software.

2.10. Cell migration and invasion assay {#cam42873-sec-0012}
---------------------------------------

Cell migration and invasion assay of TE‐1 and Ec109 cells were performed using Matrigel‐coated Transwell and Transwell inserts (Becton Dickinson). Briefly, 1 × 10^5^ cells mixed well in 500 µL serum‐free medium were inoculated in the upper chamber of the 24‐well plates, and 750 µL medium containing 10% FBS with or without exosomes was added into the lower chamber. Twenty‐four hours later, cells on the upper surface of the membrane were removed and the migrated cells or the invading cells penetrating the membrane were fixed with methanol and stained with mounting medium containing DAPI (Vector Laboratories, Inc). The slides were then scanned and photographed by fluorescence microscope (Olympus). The number of cells penetrating the membrane were analyzed by the ImageJ software.

2.11. Immunofluorescence assays {#cam42873-sec-0013}
-------------------------------

TE‐1 and Ec1009 cells were grown on slides to 50% confluence before fixed with 4% PFA for 15 minutes at room temperature. After rinsed with PBS buffer, the slides were incubated in 0.3% Triton X‐100 for 15 minutes to disrupt the cell membrane. The cells were blocked with 5% bovine serum albumin for 45 minutes, and then incubated with the primary antibodies (α‐SMA or Fibronectin) at 4°C overnight. Rinsing the slides with PBS buffer to remove the remaining primary antibodies and the cells were incubated with the Fluorescent secondary antibody mixture (Alexa Fluor 488 goat anti‐mouse IgG, Life Technologies; Alexa Fluor 568 goat anti‐mouse IgG, Life Technologies) at room temperature for 2 hours. The slides were then rinsed with PBS for three times and with DDW for one time before stained with mounting medium containing DAPI. The immunofluorescence images were obtained using confocal microscopy (IX83, FLUOVIEW FV1200; Olympus).

2.12. Animal studies {#cam42873-sec-0014}
--------------------

Twenty‐five male BALB/c nude mice aged 5‐6 weeks were randomized into four groups (six mice/group). The mice were inoculated subcutaneously with untreated EC109 cells (5 × 10^6^ cells in 100 μL of PBS) alone or coinjected with 1 × 10^6^ NFs/CAFs. One week later, PBS or 50 mg/kg Cyclopamine (Selleckchem) was injected into the tumor every 2 days for eight times. After 1 month, all the mice were executed and the tumors were surgically removed, photographed, measured, and weighed.

2.13. Statistical analysis {#cam42873-sec-0015}
--------------------------

GraphPad Prism 5.0 software was performed for the statistical analysis. Data were presented as mean ± SE of at least three independent experiments. Independent‐sample *t* test was used to analyze the differences between two different groups and statistical differences between three groups were analyzed by one‐way ANOVA. A value of *P* \< .05 was considered statistically significant unless otherwise clarified.

3. RESULTS {#cam42873-sec-0016}
==========

3.1. Isolation and identification of CAFs and NFs {#cam42873-sec-0017}
-------------------------------------------------

To investigate the role of CAFs in the microenvironment of ESCC, we firstly isolated and cultured primary NFs and CAFs from ESCC tissues. In our study, CAFs and NFs were successfully isolated and cultured from six pairs of ESCC tumor tissues and adjacent normal tissues. Three to four passaging after isolation, uniform fibroblasts started to grow and the morphological features of the NFs and CAFs were observed under light microscopy and Confocal microscopy. As shown in Figure [1](#cam42873-fig-0001){ref-type="fig"}A,[1](#cam42873-fig-0001){ref-type="fig"}, both stromal cells grew as a fibroblast‐like, spindle‐shaped morphology and no obvious morphological difference was observed between them. The MTS assay showed that the CAFs proliferated more efficiently than NFs (Figure [1](#cam42873-fig-0001){ref-type="fig"}C). Both NFs and CAFs expressed the mesenchymal marker, N‐cadherin and vimentin, but not the common markers of epithelial and endothelial cells, E‐cadherin (Figure [1](#cam42873-fig-0001){ref-type="fig"}D). Consistent with previous reports, CAFs isolated from tumor tissues expressed higher levels of myofibroblast marker a‐SMA than NFs (Figure [1](#cam42873-fig-0001){ref-type="fig"}E). These data suggested that the fibroblasts we obtained from ESCC tissues exhibited the characters of CAFs and are more activated myofibroblasts than NFs.a

![Isolation and identification of cancer‐associated fibroblasts (CAFs) and normal fibroblasts (NFs). A and B, The cell morphology of CAFs and NFs was observed; grew as a fibroblast‐like, spindle‐shaped morphology of cells were represented under light microscope or Confocal microscopy. C, Cell growth assay of CAFs and NFs. D, Western blot analyses of the expression of mesenchymal marker, N‐cadherin, vimentin and epithelial and endothelial marker, E‐cadherin in those stromal cells. E, IF assay of the expression of myofibroblast marker α‐SMA in NFs and CAFs](CAM4-9-2500-g001){#cam42873-fig-0001}

3.2. The CM of CAFs enhanced the migration ability of ESCC cell lines {#cam42873-sec-0018}
---------------------------------------------------------------------

In order to explore the impact of CAFs on the aggressive behavior of ESCC, we designed an in‐direct coculture system of fibroblasts and ESCC cell lines (Figure [2](#cam42873-fig-0002){ref-type="fig"}A). The ESCC cell lines (TE‐1 and EC109) were seeded in the upper chamber with 8‐μm‐pore size polycarbonate membranes in 24‐well Transwell plates, while NFs/CAFs were grown in the bottoms of the wells. After coculture for 48 hours, ESCC cell lines in CAFs groups showed enhanced migration abilities compared with the NFs groups and control groups (Figure [2](#cam42873-fig-0002){ref-type="fig"}B). This suggested that CAFs somehow promoted the aggressive ability of ESCC.

![The conditioned medium (CM) of cancer‐associated fibroblasts (CAFs) enhanced the migration ability of esophageal squamous cell carcinoma cell lines. A, Schematic representation of the in‐direct coculture system. B, Cells cocultured with CAFs gained enhanced migration ability than that in control groups and normal fibroblasts (NFs) groups. C, The effect of CM of CAFs on the migration ability of TE‐1 by using Transwell migration assay. D, Cell migration ability was measured by a wound‐healing assay. The migration distances of the TE‐1 cells cultured with CAFs‐CM were increased. E, The effects of the CM of CAFs on the migration ability of EC109 cells in the Transwell assay. F, The effects of the CM of CAFs on the migration ability of EC109 were measured in the six paired stromal cells using Transwell migration assay. Results shown are representative of three independent experiments. Statistical significance \**P* \< .05, \*\**P* \< .01 and \*\*\**P* \< .001](CAM4-9-2500-g002){#cam42873-fig-0002}

To further explore the effects of CAFs on the migration and invasion of ESCC, we cultured TE‐1 and EC109 with the CM of CAFs and NFs. The Transwell assay showed that CM of CAFs markedly increased the migration ability of TE‐1 cells, compared with the control group and NFs group (Figure [2](#cam42873-fig-0002){ref-type="fig"}C). Consistently, the migration distances of TE‐1 and EC109 cells cultured with CAFs‐CM were increased in wound‐healing assay (Figure [2](#cam42873-fig-0002){ref-type="fig"}D). Similar results were also observed in EC109 cells and were further corroborated by subsequent continuous tests in all six paired CAFs and NFs (Figure [2](#cam42873-fig-0002){ref-type="fig"}E,F). Those data revealed that CM of CAFs can substantially enhance the migration ability of TE‐1 and EC109, while CM of NFs only slightly promote those abilities of TE‐1 and EC109 compared with untreated group.

3.3. Isolation, characterization and internalization of exosomes {#cam42873-sec-0019}
----------------------------------------------------------------

Considering the above data alongside the increasing importance of exosomes in cellular dialogue, we speculated that CAFs‐derived exosomes may be involved in the above process. So, we isolated exosomes from NFs and CAFs by differential ultracentrifugation and the exosomes were firstly confirmed using TEM. The exosomes appear round, disc‐shaped structures with an average diameter of 50‐150 nm (Figure [3](#cam42873-fig-0003){ref-type="fig"}A). The concentration and size of the exosomes were further measured by NTA. It seemed that the CAFs may secrete more exosomes than NFs and both exosomes from CAFs and NFs present a main size of 80‐150 nm (Figure [3](#cam42873-fig-0003){ref-type="fig"}B,[3](#cam42873-fig-0003){ref-type="fig"}). Besides, the significant expression of positive protein markers CD63, CD9, and TSG101 was observed in exosomes from NFs‐CM and CAFs‐CM while the negative protein marker GM130 was not detected (Figure [3](#cam42873-fig-0003){ref-type="fig"}D).

![Isolation, characterization, and internalization of exosomes derived from primary stromal fibroblasts. A, Transmission electron microscopy images of cancer‐associated fibroblasts (CAFs)‐derived exosomes and normal fibroblasts (NFs)‐derived exosomes. B and C, The size and concentration of exosomes derived from CAFs and NFs examined by NTA. D, Western blot analyses of exosomal positive and negative markers (CD63, CD9, CD81, and GM130). E, Exosomes up‐taken experiment. The CAFs‐derived exosomes were labeled by PKH67 and incubated with TE‐1 cells and the green fluorescent protein‐tagged exosomes were taken up by the recipient cells after 12 h](CAM4-9-2500-g003){#cam42873-fig-0003}

After identification, the exosomes were labeled by PKH67 and incubated with ESCC cell lines. As is expected, the green fluorescent protein‐tagged exosomes were found to be taken up by the recipient cells after 12 hours (Figure [3](#cam42873-fig-0003){ref-type="fig"}E). Taken together, these results clearly conformed that the exosomes we isolated are qualified and can be internalized by recipient cells.

3.4. CAFs‐derived exosomes promoted the aggressive behavior of ESCC cell lines {#cam42873-sec-0020}
------------------------------------------------------------------------------

In light of the crucial role of exosomes in the cell‐cell communication, we hypothesized that CAFs‐derived exosomes may contribute to the enhancement of aggressive behavior of ESCC. To test this hypothesis, we incubated TE‐1 and EC109 with gradually increased concentrations of exosomes derived from CAFs. The Transwell assay showed that CAFs‐derived exosomes could promote the migration ability of ESCC cell lines with a dose‐dependent effect (Figure [4](#cam42873-fig-0004){ref-type="fig"}A). In 20 μg/mL group, ESCC cell lines exhibits a markedly increased migration ability compared to the control groups. Therefore, the concentration of 20 μg/mL of exosomes was set for standard in the following experiments.

![Cancer‐associated fibroblasts (CAFs)‐derived exosomes promoted the aggressive behavior of esophageal squamous cell carcinoma (ESCC) cell lines. A, CAFs‐derived exosomes could promote migration ability of ESCC cell lines with a dose‐dependent effect. B, CAFs‐derived exosomes did not change the morphological character of TE‐1 and EC109. C, Effects of CAFs‐derived exosomes on the proliferation of TE‐1 and EC109 cells was measured by MTS assay. D, Effects of CAFs‐derived exosomes on migration ability of ESCC cell lines. Results shown are representative of three independent experiments. Statistical significance \**P* \< .05, \*\**P* \< .01 and \*\*\**P* \< .001](CAM4-9-2500-g004){#cam42873-fig-0004}

We then cultured TE‐1 and EC109 cells with exosomes from CAFs or NFs for 48h, and examined whether CAFs‐derived exosomes regulate the morphology and growth of ESCC cells. Apparent morphological changes of ESCC cells were not observed, even after treated with exosomes for 96 hours (Figure [4](#cam42873-fig-0004){ref-type="fig"}B). But CAFs‐derived exosomes significantly improved the proliferation ability of ESCC cells while the NFs‐derived exosomes enhanced the proliferation ability of ESCC cells moderately (Figure [4](#cam42873-fig-0004){ref-type="fig"}C). Also, ESCC cells cultured by CAFs‐derived exosomes gained higher migration ability than that in control group and in NFs group (Figure [4](#cam42873-fig-0004){ref-type="fig"}D). Collectively, our result illustrated that CAFs‐derived exosomes promotes some aggressive behavior of ESCC, at least in this experimental setting.

3.5. CAFs‐derived exosomes promoted proliferation and migration of ESCC via activation of SHH signaling pathway {#cam42873-sec-0021}
---------------------------------------------------------------------------------------------------------------

Despite the clear importance of CAFs‐derived exosomes to ESCC progression, the underlying mechanisms are extremely complex and not fully understood, with multiple factors at play. To identity the specific molecules in exosomes that contribute to the effects above, we examined the differential expression of several secretory proteins in the lysis solutions of NFs and CAFs. Previous studies[16](#cam42873-bib-0016){ref-type="ref"}, [31](#cam42873-bib-0031){ref-type="ref"}, [32](#cam42873-bib-0032){ref-type="ref"}, [33](#cam42873-bib-0033){ref-type="ref"}, [34](#cam42873-bib-0034){ref-type="ref"}, [35](#cam42873-bib-0035){ref-type="ref"}, [36](#cam42873-bib-0036){ref-type="ref"} indicated that TGFβ1, SHH, EGFR, and LEF‐1 may be transferred or modulated by exosomes and those proteins may play a part in the tumor development, so we tested the expression of those proteins in lysis solutions of NFs and CAFs. The expressions of those proteins in NFs and CAFs were tested using WB (Figure [5](#cam42873-fig-0005){ref-type="fig"}A), and CAFs expressed significantly more TGF‐β1 and SHH than NFs. There is no difference in the expression of EGFR and LEF‐1 between NFs and CAFs. We then compared the secretion of TGF‐β1 and SHH in CM of CAFs and NFs, ELISA showed that the expressions of TGF‐β1 and SHH in CMs of most CAFs were higher than in matched NFs group (Figure [5](#cam42873-fig-0005){ref-type="fig"}B,[5](#cam42873-fig-0005){ref-type="fig"}).

![Cancer‐associated fibroblasts (CAFs)‐derived exosomes promoted proliferation and migration of esophageal squamous cell carcinoma via the activation of Sonic Hedgehog (SHH) signaling pathway. A, The expressions of SHH, TGFβ1, EGFR, and LEF‐1 in normal fibroblasts (NFs) and cancer‐associated fibroblasts (CAFs) were tested using WB. B and C, The expressions of SHH and TGF‐β1 in conditioned medium (CMs) of CAFs and NFs were tested using ELISA. The expression of TGF‐β1 and SHH in CMs of most CAFs was higher than in NFs group. D, The expression of SHH in exosomes from CAFs and NFs was measured by ELISA. E, The expressions of PTCH1, SMO, GLI1, N‐cadherin, vimentin, and E‐cadherin in TE‐1 and EC109 treated with or without exosomes were tested using WB](CAM4-9-2500-g005){#cam42873-fig-0005}

It is noteworthy that the expression of SHH in exosomes of CAFs also elevated than in the exosomes of NFs (Figure [5](#cam42873-fig-0005){ref-type="fig"}D). Thus, it is tempting to speculate that exosomal SHH derived from CAFs may contribute to the aggressive behavior of ESCC. To test this hypothesis, we detected the expression of the downstream proteins in SHH signaling pathway in ESCC after treated with exosomes of NFs or CAFs. As shown in Figure [5](#cam42873-fig-0005){ref-type="fig"}E, CAFs‐derived exosomes increased the expressions of PTCH1, SMO, and GLI1 in ESCC cells, indicating that the SHH signaling pathway in ESCC cell lines was activated by the exogenous exosomes, compared with control group and NFs group. Noteworthy, the expressions of mesenchymal marker vimentin and N‐cadherin also increased and the expression of epithelial marker E‐cadherin decreased, which imply that the CAFs‐derived exosomes can facilitate the epithelial--mesenchymal transition (EMT) of ESCC cell lines. In summary, these results supported that CAFs‐derived exosomes may promote proliferation, migration of ESCC via the activation of SHH signaling pathway in vitro.

3.6. The phenotype changes of ESCC cells were neutralized by the inhibition of SHH signaling pathway {#cam42873-sec-0022}
----------------------------------------------------------------------------------------------------

To further validate our findings, we investigated the relationship between exosomes‐induced phenotype changes and SHH pathway activation using a SMO inhibitor, Cyclopamine. TE‐1 cells were incubated with gradually increased concentrations of Cyclopamine, as shown in Figure [6](#cam42873-fig-0006){ref-type="fig"}A, and the number of migratory cells remains almost unchanged when the concentration of Cyclopamine is below 20 μmol/L and the number of migratory cells reduced sharply if the concentration is beyond 20 μmol/L. The concentration of 20 μmol/L was used in the following experiments.

![The phenotype changes were neutralized by the inhibition of Sonic Hedgehog signaling pathway in vitro and in vivo. A, The effects of Cyclopamine on the migration ability of TE‐1 cells. B and C, Cell migration and invasion ability was measured using Transwell assay. D, Western blot analysis of expressions of PTCH1, SMO, GLI1, N‐cadherin, vimentin, and E‐cadherin in TE‐1 cells after treated with Cyclopamine. E‐G, The appearance, weight, and volume of the subcutaneous tumors in mice](CAM4-9-2500-g006){#cam42873-fig-0006}

Interestingly, Cyclopamine significantly neutralized the effects of CAFs‐derived exosomes. As predicted, Cyclopamine decreased the elevated number of migrating or invading cells in Transwell assay with or without Matrigel (Figure [6](#cam42873-fig-0006){ref-type="fig"}B,C). To further testify the role of SHH signaling in phenotype changes of ESCC cells, Cyclopamine, the inhibitor of SHH signaling pathway, was used to treat TE‐1 cells with or without the presence of CAFs‐derived exosomes. Then, the expressions of the relative proteins were examined. The elevated expressions of vimentin, N‐cadherin, PTCH1, SMO, GLI1, and downregulated expression of E‐cadherin in TE‐1 cells stimulated by CAFs‐derived exosomes were reversed (Figure [6](#cam42873-fig-0006){ref-type="fig"}D). Therefore, we proved that the inhibition of SHH pathway activation via blocking the activation of SMO could, at least in part, abolish the changes of proliferation, migration, and invasion induced by exosomes of CAFs.

We then used a subcutaneous xenograft tumor model in BALB/c nude mice to explore the effects of CAFs on the development of ESCC in vivo. Ec109 cells, with CAFs or NFs, were injected into nude mice, followed by the injection of Cyclopamine every other day. The results in vivo were consistent with those in vitro. As shown in Figure [6](#cam42873-fig-0006){ref-type="fig"}E‐G, tumor weight and volume in the CAFs group were higher than those in the NFs group and control group. Notably, the tendency could be reserved by Cyclopamine, concurring with expectation. In summary, these results indicated that CAFs facilitated ESCC growth in vivo and the block of SHH signaling could partly reverse this phenomenon.

4. DISCUSSION {#cam42873-sec-0023}
=============

The role of CAFs in the development of cancer has attracted wide attention in recent years. Here, we presented evidence that CAFs play a key role in the proliferation and migration of ESCC. CAFs‐secreted exosomes can be internalized by tumor cells and enhance the aggressive behavior of ESCC. Moreover, our results indicated that CAFs‐secreted exosomes, rich in SHH, facilitate proliferation, and migration of ESCC via the activation of SHH signaling pathway.

To date, the isolation and cultures of stromal fibroblasts from primary tissues are the single most important approach to study the features of CAFs and their influence on tumor cells. Immortalized fibroblasts cell lines or primary stromal fibroblasts passed more than 10 times may possess different properties, and consequently compromise subsequent results. In this study, we successfully isolated six paired NFs and CAFs from ESCC tissues and adjacent esophageal tissues. Those fibroblasts isolated from ESCC tissues were verified to present the features of CAFs, with a higher expression of a‐SMA than in NFs, and both kinds of stromal fibroblasts used in our experiments were no more than eight passages. Accumulated evidence indicates that CAFs could promote aggressive behavior of variety of cancer cells. Donnarumma et al found that breast cancer cells cultured by the CAFs‐derived exosomes exhibited a significantly increased ability to form mammospheres, anchorage‐independent cell growth and higher expression of stem cell and EMT markers.[37](#cam42873-bib-0037){ref-type="ref"} It is also reported that, in breast cancer, the activated stromal fibroblasts could contribute to the VEGF‐independent angiogenesis via the miR‐205/YAP1 signaling.[38](#cam42873-bib-0038){ref-type="ref"} In HCC, Liu et al showed that CAFs promote HCC metastasis through the activation of Hedgehog and TGF‐β pathways via chemokines.[9](#cam42873-bib-0009){ref-type="ref"} Collectively, these results revealed that CAFs‐tumor cell crosstalk facilitates the progression of tumors. Unfortunately, data on the importance of CAFs in ESCC are sparse at best, and the specific molecules and mechanisms that modulate ESCC development remain largely unknown. Here, in agreement with those data, our coculture system demonstrated that CAFs can somehow affect the phenotypes of esophageal cancer cells, and ESCC cells treated with CM of CAFs acquired better migration and invasion ability, which indicated that biological molecules secreted by CAFs can enhance the aggressive behaviors of ESCC cancer cells.

Recent studies showed that exosomes, targeting genetic information such as mRNAs and proteins, act as a mediator of genetic information transmission between different cells. Molecules such as proteins, mRNAs can be carried by those extracellular vesicles to other cells, and thereby lead to the changes of gene expression and phenotype of recipient cells. Deng et al revealed that Exosomal LINC00461 could regulate the expression of microRNA/BCL‐2 to enhance the proliferation ability and inhibit apoptosis in multiple myeloma.[39](#cam42873-bib-0039){ref-type="ref"} Exosome‐transmitted circular RNAs of gastric tumor can modulate the miR‐133/PRDM16 pathway to promote white adipose browning.[40](#cam42873-bib-0040){ref-type="ref"} Exosomes from platelet‐rich plasma can substantially improve the proliferation and migration ability of endothelial and mesenchymal cells and induce the angiogenesis and reepithelialization of chronic wounds.[41](#cam42873-bib-0041){ref-type="ref"} All those studies together illustrated that exosomal bioactive molecules including mRNA, microRNAs, and proteins can modulate the activity of recipient cells. In this study, we first isolated exosomes from NFs and CAFs and verified that the CAFs‐derived exosomes can be incorporated into the tumor cells and affect the phenotypes of ESCC cancer cells. In particular, we found that cells cultured with CAFs‐secreted exosomes gained increased proliferation, migration, and invasion ability, with a dose‐dependent effect. These results indicated that CAFs‐exosomes play a potent cell proliferation and migration‐promoting role during progression of ESCC, and it will be of great value to identify the specific determinants and the subsequent signaling pathways.

Several signaling pathways can regulate cancer cell proliferation, migration, and invasion, however, it is unclear which one is directly involved in this phenomenon. In light of significance of TGFβ1, SHH, EGFR, and LEF‐1 in the proliferation and migration of cancer cells,[22](#cam42873-bib-0022){ref-type="ref"}, [42](#cam42873-bib-0042){ref-type="ref"}, [43](#cam42873-bib-0043){ref-type="ref"}, [44](#cam42873-bib-0044){ref-type="ref"}, [45](#cam42873-bib-0045){ref-type="ref"} we examined the differential expression of those proteins in the cell lysis solution of NFs and CAFs and paid our attention to the different expression of SHH. As previously reported, abnormal activation of Hedgehog signaling pathway was positively correlated with the clinical manifestations, lymph node metastasis, and overall survival rate of many cancers.[46](#cam42873-bib-0046){ref-type="ref"}, [47](#cam42873-bib-0047){ref-type="ref"} Strikingly, SHH signaling pathway is not merely a cell‐intrinsic pathway that regulates the activity of the cancer cell, but is also modulated by the extrinsic microenvironment.[48](#cam42873-bib-0048){ref-type="ref"}, [49](#cam42873-bib-0049){ref-type="ref"} Recent studies showed that exosomes can act as natural vehicles for delivering protein of SHH. Qi et al found that adipocyte‐derived exosomes containing SHH lead to the M1 polarization of macrophages, which promotes insulin resistance via the Ptch/PI3K pathway in adipocytes.[32](#cam42873-bib-0032){ref-type="ref"} Neha revealed that vertebrate Hedgehog is secreted on two types of extracellular vesicles with different functions.[31](#cam42873-bib-0031){ref-type="ref"} Herein, we identified that the expression of SHH elevated in cell lysis solution, CM and exosomes of CAFs compared to the NFs. And the CAFs‐derived exosomes could efficiently enhance the proliferation and migration of ESCC in vitro. Besides, CAFs can facilitate ESCC growth in vivo. Interestingly, the expressions of PTCH1, SMO, and GLI1, downstream proteins of SHH pathway, increased and the inhibition of SHH pathway via blocking the activation of SMO could, at least in part, reversed this phenomenon. Those results were observed both in vitro and in vivo. Together, these results indicated that CAFs‐derived exosomes promote proliferation and migration of ESCC via the activation of SHH signaling pathway.

Recent studies revealed that the activation of SHH signaling not only contributes to the progression of ESCC, but influences the therapeutic outcomes and prognosis of patients with esophageal cancer. Some scholars demonstrated that the expression of SHH are associated with the survival outcome of the neoadjuvant chemoradiotherapy (nCRT) in patients with ESCC,[50](#cam42873-bib-0050){ref-type="ref"} and the expression of PTCH1 and Gli1 may be significantly associated with ESCC resistance to chemoradiotherapy.[51](#cam42873-bib-0051){ref-type="ref"} Furthermore, inhibition of Hedgehog signaling can regulate radiation sensitivity in mouse xenograft models of human esophageal cancer.[52](#cam42873-bib-0052){ref-type="ref"} So, targeting the SHH pathway may become a novel approach to prevent or inhibit the progression of ESCC, this is consistent with our point of view. In our study, we found that inhibiting the exosomal transfer of SHH from CAFs to cancer cells can influence the progression of ESCC in vivo and in vitro. Besides, pioneering studies have implied that intervention of the Hedgehog pathway may prevent the progression of Barrett\'s esophagus to invasive esophageal adenocarcinoma,[53](#cam42873-bib-0053){ref-type="ref"} and more researches are needed to clarify its effectiveness.

In most studies, the binding between SHH and PTCH1 results in the derepression of SMO, consequently activating the SHH signaling and leading to the translocation of the GLI1 to the nucleus.[54](#cam42873-bib-0054){ref-type="ref"}, [55](#cam42873-bib-0055){ref-type="ref"} Nuclear GLI1 can regulate the expressions of many genes including PTCH1 and Gli1. In our study, we observed an increasing expression of GLI1 as well as the PTCH1 and SMO, which is not identical to the classic SHH signaling. Previous studies have indicated that in addition to the classical signaling axis, the SHH signaling can also be triggered by nonclassical pathways. Nonclassical SHH signaling mainly refers to the activation of this pathway from PTCH1/SMO but not involving the expression of GLI1, or the overexpression of GLI1 not triggered by SHH.[56](#cam42873-bib-0056){ref-type="ref"}, [57](#cam42873-bib-0057){ref-type="ref"} So, the increasing expression of PTCH1, SMO, and GLI1 may also be triggered by other factors in CAFs‐derived exosomes aside from SHH, which need to be further investigated.

It should be noted that the exosomal SHH is not the single molecular determinants that promote the aggressive behavior of the ESCC cells. In our study, the expression of TGF‐β1 in CM of CAFs also elevated compared to that in NFs, and the function of TGF‐β1 in tumor progression has been well recognized. We believe that CAFs‐exosomes could facilitate the aggressive behavior of the ESCC cells via various signaling pathways among which the SHH signaling may be of great importance.

5. CONCLUSION {#cam42873-sec-0024}
=============

In summary, our findings demonstrated that CAFs‐secreted exosomes could promote the growth and metastatic potential of ESCC through the activation of SHH signaling pathway. In addition to its biological importance, our study also suggested that preventing or inhibiting the exosomal transfer of SHH from CAFs to cancer cells may be a new strategy for the treatment of ESCC.
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